Abstract Due to its superior mechanical properties, yttriumstabilized tetragonal zirconia polycrystal is considered as one of the most promising materials to manufacture prosthetic frameworks, monolithic crowns, and abutments for implants in dentistry. When stabilized in the tetragonal phase, the structure of zirconia can respond to external stress by increasing its toughness and resistance. Unfortunately, when subjected to a humid environment, zirconia may undergo considerable degradation characterized by increased surface roughness, grain growth, and propagation of microcracks that could be detrimental for its mechanical properties. This phenomenon, also known as low-temperature degradation (LTD), when not minimized, may represent a setback for the longevity of zirconia especially used for biomedical applications. LTD is studied in in vitro or in vivo settings employing different strategies. Present clinical studies, however, with their shortcomings, do not signify high incidence of failures of zirconia for dental applications. The LTD of zirconia is currently being criticized based on laboratory testing which may be suboptimal. This review will highlight the existing knowledge on the artificial aging methods studying LTD in zirconia and their relevance considering clinical performance of zirconia prostheses.
Introduction
With the introduction of CAD/CAM technologies, many dental reconstructions, which could be rehabilitated with metal-ceramic, can currently be restored with ceramic materials [1, 2] . Among all other ceramic alternatives, yttrium-stabilized tetragonal zirconia polycrystal (hereon, zirconia) has more potential for diverse dental applications. Due to its biocompatibility, superior mechanical properties, chemical stability, and laboratory versatility, zirconia has been indicated to manufacture monolithic crowns, frameworks of fixed dental prostheses (FDPs), root posts, implant abutments, and implants [3] [4] [5] .
Zirconia as a biomaterial
Zirconia is a white oxide that displays a singular allotropic effect. With the same composition, it can present three different crystal structures transforming as a function of temperature, namely monoclinic (from room temperature up to 1170°C), tetragonal (1170-2370°C), and cubic phase (>2370°C) [6•] . Among all three phases, the monoclinic phase is mechanically the weakest and predominates pure zirconia. It is essential to maintain zirconia in the tetragonal and/ or cubic phase at room temperature in order to benefit from its mechanical properties [7] . For this purpose, typically oxides (CaO, MgO) and rare-earth elements (CeO 2 , Y 2 O 3 ) are added to zirconia, stabilizing this material fully or partially at these phases [8] . According to the ISO 13356, yttrium oxide (Y 2 O 3 ) is the most suitable stabilizer for medical use [9] where usually about 3 to 6 mol% of Y 2 O 3 is capable of stabilizing zirconia in the tetragonal phase [10] .
Zirconia is considered as a structural material due to the fact that when subjected to stress, it can change its microstructure, improving its mechanical performance [8] . In general, ceramic materials do not exhibit deformation capability and, when submitted to stresses, fractures may occur as a result of crack propagation originating from internal or external defects. However, when a crack propagates into zirconia structure, tetragonal metastable crystals close to the crack tip transform spontaneously into the monoclinic phase (t→m-phase transformation) resulting in a volumetric expansion of about 3 to 5 % [11] . This volume increase induces compressive stresses that oppose the growth and propagation of the crack, resulting in a mechanism known as Btransformation toughening^ [12, 13] . During this process, the crystalline structure of the material changes. Hence, without mass transfer, simultaneous movement of the atoms results in modification of the macroscopic shape of the processed areas that considerably improves the strength of zirconia [13] .
Since the energy available for crack propagation is in part dissipated in the damaged area shaped by the monoclinic zirconia, transformation toughening occurs [14] . However, when the increase in volume exceeds the elastic limit of zirconia, it can promote the crack propagation, inducing new microcracks and even catastrophic fracture of the structure [8] . This mechanism could be influenced by several factors that act in an isolated form or associated, such as shape, size, and location of grains; presence of defects and/or oxygen vacancies in the structure, type, and amount of stabilizing oxides; manufacturing methods; applied stresses; and temperature variation [3] .
More recently, with the introduction of CAD/CAM technologies and esthetic requirements, zirconia was introduced in dentistry. Commercial blocks, obtained through isostatic compaction of zirconia nanoparticles (20-30 nm), could be machined by CAD/CAM milling technologies and sintered at high-temperature furnaces [3] . The microstructure of zirconia at this stage is mainly composed of tetragonal grains.
Low-temperature degradation
Zirconia is a chemically inert material with low toxicity [3, 15] . Owing to its high flexural, fracture strength, hardness, modulus of elasticity, and wear resistance [4] , in the late 1980s, zirconia has been used in medicine to manufacture orthopedic femoral head prostheses [14] [15] [16] . Unfortunately, between 2000 and 2002, a large number of failures were observed in a short period of time, generating a major public health concern. These failures have drawn attention of the scientific community, and consequently, efforts have been made in order to search for the origin of such premature failures of orthopedic prostheses experienced.
Several researchers observed that zirconia is destabilized in the presence of water or water vapor and the moisture favored the t→m, significantly increasing the monoclinic content and, ultimately, the surface roughness of the material [16, 17] . The phenomenon responsible for such premature failures was then attributed to hydrothermal degradation or low-temperature degradation (LTD), known as aging of zirconia in the medical field [17, 18] . Subsequent studies also supported the hypothesis that when zirconia is exposed to a humid environment, aging can take place at varying degrees [14, 15, 18] .
LTD is a structural degradation phenomenon that starts on the zirconia surface and continues when it is in contact with water or water vapor at moderate temperatures ranging between 150 and 400°C [19] . The presence of moisture interferes with the metastability of its microstructure and makes the material susceptible to aging [6•, 15, 18, 20••] . Usually, the surface transformation is slow, spontaneous, and progressive. LTD starts with the stress corrosion mechanism where the diffusion of water into the zirconia grains occurs through filling the oxygen vacancies and causes stresses in the crystalline network, which then disorganizes the structure of the material [6•] . This scenario is characterized by nucleation and growth of the transformed grains, successive grain pullout, and microcrack or macrocrack formation, also known as a subcritical crack growth (SCG) phenomenon [17] . As the grain size increases with the increase in monoclinic phase, the result is the formation of a path created by cracks through which water penetrates, further increasing the susceptibility to LTD [6•] .
Several theories have been proposed in order to elucidate the LTD [21, 22, 23••] . Early theories postulated that LTD occurs due to chemisorption of water molecules [21, 24] that could break the Y-O bonds, which is also known as SCG. The classic model proposed by Guo [25] described the LTD phenomena in sequential phases: (a) water chemical adsorption on the grain surface; (b) water reaction with oxygen, forming hydroxyl groups; (c) penetration of the hydroxyl groups into the mass by diffusion around the grain; (d) formation of proton defects by filling the oxygen vacancies with hydroxyl ions; and (e) t→m-phase transformation reducing the concentration of oxygen vacancies. On the other hand, the most widely accepted theory suggests that the increase in internal stresses associated with the penetration of water triggers the t→m-phase transformation, yielding to LTD [26] .
In fact, aging of zirconia is the result of the influence of multiple factors. The t→m-phase transformation is strongly induced by the presence of water or water vapor [25] ; material susceptibility [20••] ; shape, size, and location of grains; and stabilizer content [27] . In this regard, after aging, depending on the composition, zirconia shows variability in the mechanical behavior due to different levels of t→m-phase transformation zones [28, 29] . The reduction in the resistance of zirconia appears to be closely linked to a more pronounced depth in the transformation zones [30, 31] . However, the shape, size, and location of the grains appear to have the highest impact on phase transformation in that larger grains are more easily transformed than smaller ones [10, 22, 27] . Parameters such as aging duration, temperature, and pressure also determine the intensity of transformation. Aging duration longer than 20 h, pressure of 2 bar, and temperature of 134°C seem to be the ideal parameters in order to promote LTD in zirconia specimens [20••, 23••] . Experimental studies also demonstrated grain growth with the increase in temperature [3, 32] , and the resulting degradation is dependent on the duration of exposure to the heat [33] . However, recently, t→ m-phase transformation was also reported even at oral temperatures [34] .
Methods for LTD simulation
To date, there is little in vivo data on the effect of LTD on zirconia. In 1993, Shimizu et al. evaluated aging of zirconia specimens that were placed in the subcutaneous tissue of rabbits, stored in saline solution at 37, 50, and 95°C for 36 months or by aging them in autoclave at 121°C for 960 h [35•] . The results indicated similar levels of aging in in vivo and in vitro conditions. Thus, the authors suggested that in vitro studies could be used to screen hydrothermal degradation of zirconia. Recently, in an in vivo model, LTD was studied after placing zirconia disks with two different grain sizes (0.32 and 0.44 μm) in removable mandibular dentures [36•]. After 6, 12, and 24 months of exposure to the oral cavity, disks were removed from the prostheses and the surfaces were analyzed using X-ray diffraction (XRD) and field emission gun scanning electron microscope (FEG-SEM). The results showed that regardless of the grain size, zirconia specimens were vulnerable to t→m-phase transformation due to chemical changes in the aggressive oral environment [36•] .
In a series of classical in vitro studies, Chevalier et al. evaluated the LTD of zirconia in an autoclave at 134°C for 1 h, representing an equivalent to 3 to 4 years of in vivo aging [14, 23••, 37] . On the other hand, the International Organization of Standardization (ISO 13356:2015) recommends employing autoclave aging at 134°C under 0.2 MPa pressure for 5 h as an accelerated aging protocol for zirconia [9] . As an alternative to autoclave aging, other laboratory tests have been also used to predict and elucidate the LTD in zirconia such as thermocycling [28, 30] , mechanical cycling [30] , and storage in water [37] , saliva [31] , saline solution [38, 39] , and acetic acid [39, 40] .
For the accelerated aging protocol in autoclave, the temperature employed in most studies is 134°C [9, 23••, 28, 29, 32, 41, 42] which is also the recommendation of ISO 13356:2015 [9] . However, the duration of exposure of the specimens varies between 1 and 960 h [32, 41, 42] where t→m-phase transformation is directly proportional to the duration of aging [31, 32, 42] . Unfortunately, the lack of standardization for the LTD method considering duration, temperature, and storage in various chemicals makes it difficult to compare a LTD phenomenon and suggest strategies to minimize its development [20••] .
Clinical relevancy
The validity of the accelerated aging protocols and their relevance to the longevity of the zirconia reconstructions remain a question in clinical dentistry [6•, 20 ••]. Since accelerated aging of zirconia is investigated at higher temperatures than the human body, the testing environment could not be considered representative for the oral environment and the extrapolation of in vitro findings should be made with caution [20••] .
Although clinical follow-up studies of anterior FDPs with zirconia frameworks showed a success rate of 88.8 % up to 7 years [43] , there is still concern on the possible consequences of LTD in zirconia materials used for dental applications. Especially abutments, FDP frameworks without veneering ceramic or monolithic crowns are directly exposed to the oral environment [44] . Moreover, it has to be noted that already during manufacturing, as a result of CAD/CAM milling along with clinical and laboratory procedures, abutments, crowns, or FDPs made of zirconia are subjected to damage. Such damage undermines the initial favorable mechanical properties of zirconia [4] that can eventually compromise the longevity of such prostheses, especially when they are in contact with the oral environment [37, 45] .
Zirconia ceramics available for clinical use present dissimilarities, but the hydrothermal transformation mechanism could in fact be controlled or minimized during industrial, laboratory, and clinical processing. During industrial processing, zirconia ceramic blocks could be produced with controlled density to prevent the destabilization of the tetragonal zirconia microstructure. In addition, alumina traces (Al 2 O 3 ) [38, 46] , silica, and/or ceria (CeO 2 ) [39] could be added to the composition to improve the resistance of zirconia against LTD. In particular, ceria as an oxide demonstrates a favorable stabilization effect as it has a concentration of about 12 mol% and makes zirconia non-transformable [47, 48] .
LTD could also be avoided during laboratory processing by ceramic infiltration and thermal control. In order to shield the surface of zirconia and prevent its contact with humidity, the use of ceramic infiltration with glass ceramic having thermal expansion coefficient similar to that of zirconia could be recommended [49, 50] . As for the temperature control, zirconia is typically sintered at temperatures between 1400 and 1450°C [14] . Temperatures exceeding 1550°C cause grain growth of up to 0.75 μm that is above the recommendations of ISO 13356:2015 (0.6 μm) [17] . The resulting grain growth increases the monoclinic content of zirconia and thereby susceptibility to LTD [32, 33] . Thus, it is essential to sinter zirconia at temperatures low enough in order to avoid larger grain formation but high enough to generate dense structures ensuring cohesion between the zirconia grains. Lower density also facilitates the penetration of water to the bulk of the material, resulting in formation of pores and crack surfaces, greatly increasing LTD [24] .
Clinical strategies involve factors that can be controlled by the dental professional such as the establishment of an appropriate tooth preparation with sufficient depth, rounded interior angles, and cervical finish lines. Careful tooth preparation allows for more accurate image processing and CAD/CAM milling and ensures fewer adjustments on the zirconia surface during clinical try-in [51] . Likewise, every time adjustments are made on the zirconia surface, the damage caused by the burs or disks can deteriorate the surface integrity of zirconia [52] . Superficial roughness created on the material can then introduce defects and increase the susceptibility to t→m-phase transformation [20••] . Thus, repeated slow heating and cooling of the zirconia reconstruction after adjustments and veneering could dissipate the stresses created by burs or disks.
Concluding remarks
Current knowledge, implications, and consequences of lowtemperature degradation effect on zirconia are mainly based on accelerated aging studies. Clinical follow-up studies should elucidate the in vivo consequences of this phenomenon, providing that current studies either lack the power or comprise many confounding factors. At this stage, it is essential that the dental professionals should perform laboratory and clinical procedures meticulously considering factors highlighted in this review in order to minimize the aging process, maintaining mechanical properties, and increasing the longevity of zirconia prosthesis.
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